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ABSTRACT: Human c-myc is critical for cell homeostasis and growth but is a potent oncogenic factor if
improperly regulated. The ¢-myc far-upstream element (FUSE) melts into single-stranded DNA upon active
transcription, and the noncoding strand FUSE recruits an activator [the FUSE-binding protein (FBP)] and a
repressor [the FBP-interacting repressor (FIR)] to fine-tune c-myc transcription in a real-time manner.
Despite detailed biological experiments describing this unique mode of transcriptional regulation, quanti-
tative measurements of the physical constants regulating the protein—DNA interactions remain lacking.
Here, we first demonstrate that the two FUSE strands adopt different conformations upon melting, with the
noncoding strand DNA in an extended, linear form. FBP binds to the linear noncoding FUSE with a
dissociation constant in the nanomolar range. FIR binds to FUSE more weakly, having its modest
dissociation constants in the low micromolar range. FIR is monomeric under near-physiological conditions
but upon binding of FUSE dimerizes into a 2:1 FIR,—FUSE complex mediated by the RRMs. In the
tripartite interaction, our analysis suggests a stepwise addition of FIR onto an activating FBP—FUSE
complex to form a quaternary FIR,—FBP—FUSE inhibitory complex. Our quantitative characterization
enhances understanding of DNA strand preference and the mechanism of the stepwise complex formation in

the FUSE—FBP—FIR regulatory system.

The human c-myc proto-oncogene is a senior administrator
of cellular resources, controlling cell behaviors as diverse as proli-
feration, growth, differentiation, and apoptosis (/—7). Accurate
levels and the timing of c-myc expression are extremely important
for normal cell homeostasis (8, 9). Multiple cis and trans elements
exist for c-myc transcriptional regulation and are thought to form
combinatorial signals to ensure that the tight regulation of c-myc
expression is unaffected by any single factor (/0—12). Among
those factors, a system composed of the far-upstream element
(FUSE), FUSE-binding protein (FBP), and FBP-interacting re-
pressor (FIR) fine-tunes the c-myc expression level in response to
the torsional stress generated as transcription progresses (Figure 1).

FUSE is a cis element located more than 1500 bp upstream of
the c-myc gene and is involved in ¢-myc transcriptional regula-
tion (13, 14). FUSE contains an A/T-rich sequence (10, 14)
(Figure 2) and melts into single-stranded (ss) DNA in response to
torsional stress generated upon transcription initiation (/4—16).
The noncoding strand of FUSE then recruits the trans activator
for c-myc expression, FBP (11).

FBP selectively binds to the melted noncoding strand of FUSE
and critically enhances c-myc transcription by stimulating the p89
helicase activity of TFIIH to drive promoter clearance of the
preinitiation complex (PIC) (/7—21). FBP (643 amino acids,
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67473 Da) contains four K-homology (KH) motifs as its central
DNA-binding domain, a predicted helix in the N-terminal thought
to mediate protein—protein interactions, and a C-terminal domain
that physically contacts the p89 subunit of TFIIH and is essential
for its activation activity (16, 22—24).

FIR also binds to FUSE, as well as to the central domain of
FBP, and forms a stable tripartitt FUSE—FBP—FIR complex,
which represses activated but not basal c-myc transcription after
transcription initiation by delaying promoter escape (27, 24, 25).
FIR (542 amino acids, 58171 Da) contains two RNA recognition
motifs (RRMs) (26), one U2AF homology motif (UHM) (27),
and an N-terminal repression domain that binds to TFIIH and
suppresses its p89/3'—5' helicase activity (25). Alternative names
of FIR include poly(U)-binding-splicing factor 60 kDa (PUF60)
(28), Siah-binding protein 1 (Siah-BP1) (29), and Ro-binding
protein 1 (RoBP1) (30).

FBP is critical for cellular proliferation (16), is developmentally
regulated in mouse and chicken embryonic brain (3/), and has
been identified as a Parkin substrate (32). Disabling the interaction
of FBP and FIR with TFIIH by mutations in the hereditary
human skin cancer syndrome xeroderma pigmentosum primes the
vulnerable c-myc gene for misexpression in neoplasia (21). A splice
variant of FIR lacking the repression domain was identified in
human colorectal cancers, underscoring FIR’s role in c-myc
regulation (33). Both FBP and FIR are targets for the develop-
ment of cancer diagnosis and therapy (34, 35). FIR, alternatively
known as PUF60, also possesses pre-mRNA splicing activity (28).

In the FUSE—FBP—FIR system, DNA topology is thought to
play an essential role in transcriptional regulation (/4). Not only
can FUSE melt into ssDNA upon transcription initiation, but the

©2010 American Chemical Society
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FiGure 1: Current models for the involvement of FUSE, FBP, and FIR in the transcriptional regulation of c-myc. (A) Stepwise complex
formation of FUSE, FBP, and FIR in the transcriptional regulation of c-myc. In step 1, melting of FUSE allows its noncoding strand to recruit
FBP for activating c-myc transcription. The C-terminal activation domain of FBP has physical contact with TFIIH to upregulate its helicase
activity. In step 2, FIR joins the FBP—FUSE complex to form a tripartite inhibitory complex, suppressing the activation effect of FBP and
bringing c-myc transcription back to basal levels. FIR also physically contacts TFIIH. In step 3, in the later stage of the regulatory event, FBP is
removed from FUSE, while FIR remains on FUSE for an extended period of time. (B) Schematic representation of the functional coordination
among FUSE, FBP, and FIR.
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F1GURE 2: Sequence of FUSE and domain structures of FBP and FIR. (A) The top panel shows the sequence of the far-upstream sequence
element (FUSE) DNA (10). The lower strand is the noncoding strand of FUSE; the dotted rectangular box indicates the sequence of FUSE27,
a 27-mer region for FIR interaction. The bottom panel shows the domain structure of the FUSE-binding protein (FBP). FBP has four K-homology
motifs (KH1—4), which are used for both nucleic acid binding and protein—protein association with FIR. Extended solid lines indicate the
corresponding FUSE sequences that interact with the FBP KHs. The C-terminus of FBP is its activation domain, which has physical contacts
with TFITH during the regulation. The hatched oval indicates a glycine-rich region. The dotted rectangle denotes a predicted helix that is critical
for protein—protein interaction with FIR (78, 23, 24). Two constructs [full-length FBP (FBP amino acids 1 —644) and ncFBP (FBP amino acids
1—447)] were used in this study. (B) FIR is a 542-amino acid protein at full length, consisting of a N-terminal repression domain, two RNA
recognition motifs (RRMs), and one U2AF homology motif (UHM). The FIR construct used in this study is FIR1—3 (FIR amino acids 101—
542), which consists of both FIR’s RRMs and UHM. FIR1+-2 (FIR amino acids 101—299), which consists of only FIR’s two RRMs but not the
UHM, is a construct used in our previously study of FIR (43) and is listed to facilitate comparison and discussion of FIR’s domain function.

torsional stress generated during transcription may continuously
modulate the chromatin structure to mechanically monitor the
progress of transcription in a real-time manner (//, 15, 16, 36, 37).
The structural transitions of ssF USE may actively involve and/or
be exploited by FBP and FIR in the performance of their regulat-
ing functions during the transcription as we know that activities
of FBP and FIR are both FUSE-dependent (17, 25).

Overall, the FUSE—FBP—FIR and TFIIH system presents an
example of a remote cis element (FUSE) that uses the conforma-
tional change of the target site (melted, ssDNA) to monitor the
progression of gene transcription (c-myc) and to recruit trans

effectors (FBP and FIR) that influence the general transcription
complex (TFIIH helicase activity) (Figure 1) (21, 38, 39). This is
a highly unique mode of transcriptional regulation that has been
suggested to be broadly relevant to eukaryotic gene transcrip-
tion (38, 40, 41).

The structural basis for the FUSE—FBP—FIR system has
been partially enlightened by the structures of the individual domains
of FBP and FIR in complex with FUSE (42, 43). Solution dyna-
mics between two FBP KH motifs suggests FBP binds to FUSE
in an extended and linear pattern (42); this conclusion is verified
by testing different sequences for optimal binding with FBP (44).
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Dimerization of FIR RRMs onto the FUSE strand is proposed
to modulate FUSE conformation and is implicated in the ejection
of FBP from FUSE (43).

Here we investigate the biochemical and solution properties of
the protein—DNA interactions among FBP, FIR, and FUSE.
We provide a conformational and quantitative basis for under-
standing the DNA strand preference and the order of complex
formation in the FUSE—FBP—FIR system. Our analysis also
suggests the requirement of an additional energetic contribution
in the cell for driving the transition of stepwise complex forma-
tion in this unique mechanism of transcriptional control of the
c-myc proto-oncogene.

MATERIALS AND METHODS

Preparation of Protein and DN A Constructs. Nucleotides
encoding human far-upstream element (FUSE)-binding protein
(FBP) (UniProtKB/Swiss-Prot entry Q96AE4) amino acids
1—-644 cloned in pFastBac HT B (Invitrogen) were kindly
provided by the David Levens Group (National Cancer Institute,
Bethesda, MD). Cloning artifacts introduced 69 amino acids at
the N-terminus of the protein (MSYYHHHHHHDYDIPTTE-
NLYFQGAMGSGIERPTSTSSLVTAASVLEFCRSSGSPIEF-
RLRGSGSYSAT). This protein is hereafter termed full-length
FBP. Full-length FBP was expressed as a protein with a mole-
cular mass of 75179.7 Da with the baculoviral expression system
in insect cell strain Sf21. This full-length FBP construct was pre-
viously used by Benjamin et al. (44). A previous study by Duncan
et al. (17), who found comparable binding properties for the
purified human FBP and the N-terminally GST-fused recombi-
nant FBP, gave us confidence that the extraneous N-terminal
residues do not significantly influence the in vitrro DNA binding
behavior of FBP.

The C-terminal activation domain of FBP was suspected to
cause nonspecific association with the Superdex S-200 resin.
Therefore, a FBP C-terminally truncated construct with nucleo-
tides encoding FBP amino acids 1—447 (hereafter termed ncFBP)
was cloned in the pET100 protein expression vector with the
Champion pET Directional TOPO Expression System (Invitrogen).
Cloning artifacts introduced 43 amino acids at the N-terminus of
the protein (MRGSHHHHHHGMASMTGGQQMGRDLYDD-
DDKDHPFTENLYFQG). To ease protein handling, cysteines
132, 148, and 332 were replaced with alanines with the Quick-
Change site-directed mutagenesis kit (Stratagene, La Jolla,
CA). ncFBP was expressed in Escherichia coli strain BL21(DE3),
using standard methods. ncFBP has a molecular mass of
52111.3 Da.

Nucleotides encoding human FBP-interacting repressor (FIR)
(UniProtK B/Swiss-Prot entry QQUHX1-2) amino acids 101—542
(hereafter termed FIR1—3) were cloned into the pET100 protein
expression vector. Cloning artifacts introduced four amino acids
(GRGS) at the N-terminus of the protein following cleavage of
a histidine tag with TEV protease. To ease protein handling, cys-
teine residues in the FIR sequence were replaced with serine
(Cysl112) or alanine (Cys238 and Cys470) depending on their
predicted location in the protein structure (alanine if buried,
serine if exposed). The proteins were expressed in E. coli strain
BL21(DE3), using standard methods. FIR1—3 has a molecular
mass of 47970.7 Da.

Synthetic FUSE DNA sequences of the noncoding strand
53-mer (5-GTATATTCCCTCGGGATTTTTTATTTTGT-
GTTATTCCACGGCATGAAAAACAA-3', hereafter termed
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FiGURrE 3: Coding and noncoding strands of FUSE adopt different
conformations as single-stranded DNA. The elution profiles of the
coding and noncoding strands of FUSE (3 nmol in 200 uL injections)
were analyzed by size-exclusion chromatography (Superdex S-200,
10/30, GL SEC column). Elution traces were followed by their absorp-
tion at 260 nm. A more compact conformation of the coding strand
is detected by the presence of a second peak at an elution volume of
17.29 mL with an rg of 22.9 A and an apparent molecular mass of
14.9 kDa. In contrast, the noncoding strand elutes at 15.66 mL with
an estimated hydrodynamic radius of 33.2 A and an apparent
molecular mass of 37.4 kDa, compared to its sequence-predicted
molecular mass of 16.3 kDa, suggesting that the noncoding strand
maintains an extended conformation when unwound into single-
stranded DNA.

FUSES53) (10), 27-mer (5-TCGGGATTTTTTATTTTGTGT-
TATTCC-3, FUSE27), and the coding strand 53-mer (5'-TT-
GTTTTTCATGCCGTGGAATAACACAAAATAAAAAATC-
CCGAGGGAATATAC-3, codingFUSES53) were purchased from
The Midland Certified Reagent Co. (Midland, TX).
Analytical Size-Exclusion Chromatography. Analytical
size-exclusion chromatography (SEC) was performed in an eluent
buffer that consisted of 50 mM Tris-HCI, 150 mM NaCl, and
20uM EDTA (pH 8.0) at a flow rate of I mL/min, with a Superdex
S-200, 10/30, GL SEC column, connected to the AKTA Purifier
FPLC system (Amersham Biosciences, GE Healthcare, Piscataway,
NJ). Elution peaks were spectrophotometrically monitored by
their absorption at 280 and 260 nm. The volumes of the eluent
from the point of application to the center of the elution peaks
were measured to determine the void volume (V) with the injec-
tion of 500 uL of Blue Dextran 2000 at a concentration of 1 mg/mL
and the elution volume (V) with the injection of protein stan-
dards and samples. A standard calibration curve was obtained by
plotting the logarithms of the known molecular masses of protein
standards versus their respective V,/V,, values. Protein standards
used for calibration include 70 uL of bovine albumin (67000 Da,
35.5 A, 10 mg/mL) supplied in the low molecular weight gel
filtration calibration kit (Amersham Biosciences, GE Healthcare)
and 120 uL of the Bio-Rad Gel Filtration Standard consisting of
bovine thyroglobulin (670000 Da, pI 4.5, 10 mg/mL, 85.0 A),
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FiGURE 4: FBP binds to noncoding strand FUSE with a dissociation
constant in the low nanomolar range. Fluorescein-labeled FUSES3
(10 nM) was mixed with increasing concentrations of fIFBP and
incubated at room temperature for 30 min before the measurement.
(A) FBP—FUSE binding affinity based on fluorescence anisotropy
(FA). The binding curve is fitted with the listed equation assuming 1:1
stoichiometry. After a linear, nonspecific phase is deconvoluted, the
kq is estimated to be 415.8 &+ 137.8 nM. (B) FBP—FUSE binding
affinity based on fluorescence correlation spectroscopy (FCS). A
kq of 168.6 & 36.3 nM is derived. Both FA and FCS reported a high
affinity between FBP and FUSES3 with a kg in the low nanomolar
range.

bovine y-globulin (158000 Da, pI 5.1, 10 mg/mL, 53.4 A),
chicken ovalbumin (44000 Da, pI 4.6, 10 mg/mL, 30.5 A), equine
myoglobin (17000 Da, pI 6.9, 5 mg/mL, 20.5 A), and vitamin
By, (1350 Da, pI 4.5, 1 mg/mL, 1.6 A). Vitamin By, was detec-
ted by Ase. The partition coefficient (K,,) was determined
with the equation K,, = (V. — Vo)/(V: — V), where V is the
total bed volume. Known Stokes radii (rs) of standard proteins
were plotted against (—log K,,)"? for the estimation of the
rs of samples. Experimental V, values obtained on different
columns were normalized in reference to the relative V, values of
FUSES3.

For studying the FUSE DNA, 3 nmol of the 53-mer
noncoding or coding strand of FUSE or 1.5 nmol of 53 bp
double-stranded FUSE was applied to the SEC column in
200 uL injections.

For studying the FBP—FIR protein—protein interaction,
8.3 nmol of ncFBP, 66.6 nmol of FIR1-3, or their mixture
was incubated at room temperature for 30 min before being
subjected to a 500 uL injection on the SEC column.

SDS—PAGE. For Figure 5, reaction mixtures of 8 uL of
Novex Tricine SDS Sample Buffer (2x) (Invitrogen) and 8 uL of
protein samples at the designated final concentrations were
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F1GURE 5: FIR1—3 shows SDS-resistant oligomerization but is mono-
meric under a near-physiological condition. (A) SDS—PAGE ana-
lysis of FIR1—3, with serial 2-fold dilution starting from 9.5 uM,
shows that FIRI1—3 forms concentration-dependent and SDS-
resistant oligomerization under non-native conditions. Lane M
contained SeeBlue Plus2 Pre-Stained Standard (Invitrogen), and
lane m contained Novex Sharp Prestained Protein Standard
(Invitrogen). The molecular masses of standard proteins are labeled.
(B) Static light scattering demonstrates that FIR assumes a mono-
meric conformation under physiological conditions. Each triangle
denotes an average molecular mass determined by static light
scattering readings at a certain FIR1—3 concentration.

heated at 94 °C for 10 min and cooled at room temperature for
10 min before 15 uL of the reaction mixture was loaded onto a
Novex 10% Tricine Gel (1.0 mm, 12 wells) (Invitrogen). For
Figure 8, reaction mixtures of 4 uL. of NuPAGE LDS Sample
Buffer (4x) (Invitrogen) and 12 uL of protein samples were heated
at 94 °C for 5—8 min and cooled at room temperature before
16 uL of the reaction mixture was loaded onto a 4 to 12% BisTris
NuPAGE mini-gel (1.0 mm, 12 wells) (Invitrogen) in MOPS
buffer. Five microliters of SeeBlue Plus2 Pre-Stained Standard
(Invitrogen) and/or Novex Sharp Prestained Protein Standard
(Invitrogen) was subjected to electrophoresis along the samples
to denote the apparent molecular masses. Electrophoresis was
performed as suggested by the gel system supplier.
Fluorescence Anisotropy (FA) Analysis. Binding of FBP and
FIR to the FUSE DNA was monitored by a change in the steady-
state fluorescence anisotropy (r) of a fluorescein-labeled FUSES3
(*5-GTATATTCCCTCGGGATTTTTTATTTTGTGTTATT-
CCACGGCATGAAAAACAA-3, *FUSES3) and FUSE27
(5-TCGGGATTTTTTATTTTGTGTTATTCC-3'*, *FUSE27).
Experiments were conducted in 50 mM Tris-HCI, 150 mM NaCl,
and 20 uM EDTA (pH 8). When full- length FBP was studied,
additional 1 mM DTT was included in the buffer. The concen-
tration of labeled FUSE was kept constant at 10 nM, while the
concentration of protein was varied from 0 to 200 uM. Samples
were equilibrated at room temperature for at least 30 min before
measurements were taken on an EnVision Multilabel Plate
Reader (model 2101, PerkinElmer, Waltham, MA). Reaction
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mixtures were excited with a 480 nm polarized filter, and
the emission was read with two 535 nm polarized filters, one
parallel to the polarization of the excitation filter and the other
perpendicular.

The observed anisotropy (o) is calculated with the equa-
tion rops = 1000(Z — GID)/( + 2G1,), where I and I, are the
background-subtracted fluorescence count rates of the emission
parallel (4;) and perpendicular (7,) to the excitation plane,
respectively, and the G (grating) factor is an instrument- and
assay-dependent correction factor.

Equilibrium binding affinities were obtained by fitting the
[FBP]- or [FIR]-dependent change in anisotropy [Ar([FBP]) or
Ar([FIR])] to the following equations. For FBP-FUSE binding,
equation | assumes one FBP molecule binds to one FUSE
molecule:

Fobs — o = Ar([FBP]) = Ar'[FBP]/kq

= T et NS[FBP] (1)

where r, is the anisotropy of free *FUSE, A’ is the difference
between r, and the anisotropy of one FBP molecule specifically
bound to *FUSE, kq is the specific equilibrium dissociation
constant for the one FBP binding to *FUSE, and NS is the slope
of a linear term included to account for weak nonspecific binding
between FBP and *FUSE.

For FIR-FUSE binding, equation 2 assumes that two
FIR molecules bind to two independent sites on the labeled
FUSE:

Fobs = To = Ar([FIR])

_ AnfFIR)/ko + AnlFIRF/(kaks)
I+ [FIR]/kai + [FIR]/(kaika)

where Ary is the difference between r, and the anisotropy of one
FIR molecule bound to *FUSE, Ar, is the difference between
ro and the anisotropy of two FIR molecules bound to *FUSE,
kqp 1is the equilibrium dissociation constant for the first FIR
binding to *FUSE, and kg is the equilibrium dissociation cons-
tant for the second FIR binding to *FUSE (for a detailed descrip-
tion of the derivation of the equation, please see the Supporting
Information).

For the FUSE, FBP, FIR tripartite interaction, equilibrium
binding affinities were obtained by fitting the [FBP]- and [FIR]-
dependent change in anisotropy [Ar([FBP],[FIR])] to two nested
but different models. Model 1 assumes only one FIR molecule is
present in the tripartite FUSE—FBP—FIR complex, as demon-
strated by the following equation (eq 3):

Fobs — r'o = Ar([FBP], [FIR])
= A/ ([FBP]) /kq + Ari([FIR]) /kar
+Ary([FIR))*/(kgika>) + Arpuse- pep- Fir [FBP][FIR]/
(Kaka Fuse- rep-Fir )] /[1 + [FBP] /kq + [FIR] /kq)
+[FIRJ/ (katkaz) + [FBP][FIR]/ (kgkq puse- rep- Fir)]

+ NS|FBP] (3)
where Arpyuseg—rpp—pir 18 the difference between r, and the
anisotropy of one FIR molecule bound to the *FUSE—FBP
binary complex and kg ruse-rep—rFir 1S the equilibrium

dissociation constant for the one FIR molecule binding to
*FUSE.
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Model 2 assumes that two FIR molecules can bind to the
*FUSE—FBP binary complex, as demonstrated by the following
equation (eq 4):

Fobs — o = Ar([FBP], [FIR])
= [AF(IFBP))/kg + Ar([FIR])/kai + Ary([FIR])*
[(kaikqr) + Arpuse-rep—2rir [FBP][FIR]/
(kakd puse- Fap-FIR) + Arpuse— rap— 2R [FBP] [FIR]/
(kakd puse— Fap- FiRkd Fuse— rep—2FIR)]/[1 + [FBP]/kqg
+ [FIR]/kq + [FIR]’/(kaike2) + [FBP|[FIR]/
(kakaFuse-rep—Fir) + [FBP][FIR]/
(kakd puse- Fap- FiRkd FUSE- FBp-2F1R)] + NS[FBP]  (4)

where Arpusg—rep—2rir 18 the difference between r, and the
anisotropy of two FIR molecules bound to the *FUSE—FBP
binary complex and kq rusg:Fep.2rir 18 the equilibrium dissocia-
tion constant for the second FIR molecule binding to the
*FUSE—FBP complex. In models 1 and 2, values for A/, kq,
Ary, Ary, kg, and kg, are directly inserted with the results obta-
ined in Figure 4A and Figure 7B. All the curve fitting in this study
was performed with KaleidaGraph version 4.03 (Synergy Software,
Reading, PA).

Fluorescence Correlation Spectroscopy (FCS). Experi-
ments were conducted in 50 mM Tris-HCI, 150 mM NaCl, 20 uM
EDTA (pH 8), and 1 mM DTT. The concentration of labeled
FUSE was kept constant at 10 nM, while the concentration of
protein was varied. FCS data were collected on a lab-built
instrument based on an Olympus IX-71 inverted microscope
(Olympus America, Center Valley, PA) equipped with a 60x /1.2
N.A. water objective. The sample was illuminated with a 488 nm,
50 mW diode-pumped solid-state continuous-wave laser (Coherent,
Santa Clara, CA), adjusted with neutral density filters to ~5 uW
measured power just prior to entry into the microscope. Fluore-
scence was collected through a 575/150 band-pass filter (Chroma,
Rockingham, VT), coupled through a 50 um diameter optical
fiber (Oz Optics, Ottawa, ON, Canada) to an avalanche photo-
diode (PerkinElmer), and autocorrelated usinga FLEX03-LQ-12
correlator (Correlator.com, Bridgewater, NJ).

Thirty 10 s autocorrelation traces were collected for each
sample. If necessary, a small number of traces containing obvious
artifacts caused by slowly diffusing aggregates or contaminant
particles were discarded. The remaining traces were averaged and
fit to the following autocorrelation decay equation:

G(z) = %(1 +%>_1<1 +é>_m (5)

where G(7) is the autocorrelation as a function of time 7, N is the
average number of labeled particles in the focal volume, tp is the
mean characteristic diffusion time of labeled particles, and s is the
ratio of the axial to radial dimensions of the observation volume.
The autocorrelation curves were also analyzed with a multi-
component fit which yields the relative fractions of *FUSE—FBP
complex and free *FUSE; however, the Kp values determined
from this analysis were comparable to those extracted from
plotting the mean tp, and thus, we chose to use this parameter
(7p) for the sake of simplicity.

Equilibrium binding affinities were obtained by fitting the
observed [FBP]-dependent diffusion time (7p ops) to the following
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equation, assuming one FBP molecule binds to one FUSE
molecule:

Tpo T TD,[FBP]/kd
1 + [FBP]/kd

TD,obs = + NS[FBP] (6)
where 7p, is the diffusion time of free *FUSE, 7y’ is the diffusion
time of the specifically bound *FUSE—FBP complex, kq is the
specific equilibrium dissociation constant for the one FBP
binding to *FUSE, and NS is the slope of a linear term included
to account for weak nonspecific binding between FBP and
*FUSE.

Size-Exclusion Chromatography-Coupled Laser Light
Scattering (SEC-LS). The light scattering data were collected
using a Superdex 200, 10/30, HR SEC column (GE Healthcare),
connected to a high-performance liquid chromatography system
(HPLC), Agilent 1200 (Agilent Technologies, Wilmington, DE),
equipped with an autosampler. The elution from SEC was moni-
tored by a photodiode array (PDA) UV—vis detector, UV
(Agilent Technologies), a differential refractometer, RI (OPTI-
Lab rEx Wyatt Corp., Santa Barbara, CA), a static and dynamic
multiangle laser light scattering (LS) detector (HELEOS II with
QELS capability, Wyatt Corp.). The SEC-UV/LS/RI system was
equilibrated in 50 mM Tris-HCI, 150 mM NaCl, and 20 uM
EDTA (pH 8.0) at a flow rate of 1.0 mL/min. Two software
packages were used for data collection and analysis: Chemstation
(Agilent Technologies) controlled the HPLC operation and data
collection from the multiwavelength UV—vis detector, while
ASTRA (Wyatt Corp.) collected data from the refractive index
detector and the light scattering detectors and recorded the UV
trace at 280, 295, or 315 nm sent from the PDA detector. The
weight-average molecular weights (M,,) were determined across
the entire elution profile in intervals of 1 s from static LS mea-
surement using ASTRA as previously described (45).

Isothermal Titration Calorimetry (ITC). The heats gene-
rated by addition of FIR1—3 to ncFBP in a sample cell were mea-
sured at 30 °C using a VPITC calorimeter (Microcal, Piscataway,
NIJ). Samples were extensively dialyzed into 50 mM NaCl and
25 mM Hepes (pH 7.4) before the experiments; 6.4 uM ncFBP
was placed in the sample cell, and 124.4 uM FIR1—3 was injected
into the cell through the syringe. Reference experiments were
performed with FIR1-3 injected into buffer, buffer injected into
ncFBP, and buffer injected into buffer. Data were processed with
Origin version 5.0 (Microcal).

Statistical Analysis. Model 1 is designated as the null hypo-
thesis and model 2 as the alternative hypothesis. Since models
1 and 2 are nested equations, we could compare the quality of fit
of the two models with both the corrected Akaike’s Information
Criteria (AICc) method and the F-test. Both tests are performed
with the QuickCalcs online tool provided by GraphPad Software
(La Jolla, CA).

RESULTS

Different Conformations of FUSE Coding and Noncoding
Strands. Upon active transcription, FUSE on the chromatin
melts into single-stranded DNA, thus making its noncoding
strand available for interaction with FBP. To study the solution
conformations of both FUSE strands in their full-length context,
we subjected 53-mer oligonucleotides representing the sequences
of the coding and noncoding strand FUSE as well as their
annealed FUSE duplex to analytical size-exclusion chromato-
graphy (SEC) (Figure 3). We found that while the noncoding

Biochemistry, Vol. 49, No. 22, 2010 4625

Table 1: SEC-Based Peak Analysis of FUSE DNA

predicted apparent
peak V.“ molecular molecular estimated
(mL) assignment mass (kDa) mass (kDa) rs’ (A)
14.25 dsFUSE 32.6 55.2 37.8
15.66 FUSES3 16.3 37.4 33.2
15.97 coding FUSE 16.3 314 312
17.29 coding FUSE 16.3 14.9 229

“Raw data drawn from analytical SEC-based analysis in Figure 3. ®rs,
Stokes radius.

strand of FUSE (hereafter termed FUSES3) shows only one major
conformation in solution with an apparent molecular mass of
37.4kDa (230% of its sequence-predicted mass of 16.3 kDa), the
coding strand of FUSE is heterogeneous with at least two
separate conformations: an extended conformation (apparent
molecular mass of 31.4 kDa) similar to that of FUSES53 and a
second population that is more compact as determined by a later
elution profile with an apparent molecular mass of 14.9 kDa
(91% ofits predicted molecular mass of 16.3 kDa) (Table 1). This
result suggests that the coding strand of FUSE has the pro-
pensity to adopt secondary or tertiary structure as a single strand,
while the noncoding strand maintains an extended conformation.

FBP Binds to Noncoding FUSE with a Dissociation
Constant in the Nanomolar Range. To study the equilibrium
binding affinity between FBP and FUSE, we mixed 10 nM
fluorescein-labeled FUSES3 with increasing concentrations of
full-length FBP, incubated the reaction mixtures at room tem-
perature for 30 min, and measured their fluorescence anisotropy
(Figure 4A). The binding curve for FBP and FUSE has a linear
phase at higher FBP concentrations, consistent with nonspecific
association at higher concentrations of protein. Using the
method, we estimated the ky between FBP and FUSE to be in
the nanomolar range (415.82 £ 137.8 nM).

To cross-validate this binding affinity, we repeated the experi-
ment with an alternative technique, fluorescence correlation
spectroscopy (FCS), which detects the translational movement
of fluorescein-labeled DNA (Figure 4B). In FCS, the fluctuations
in fluorescence from a dilute solution of labeled molecules or
complexes diffusing through a small focal volume are autocorre-
lated. The time scale of autocorrelation decay is determined by
the rates of any processes that affect the fluorescent signal,
including diffusion of particles into and out of the ~1 fL focal
volume. Fluorescein-labeled FUSES3 (10 nM) was mixed with
increasing concentrations of full-length FBP and incubated at
room temperature for 30 min before the correlated diffusion time
(tp) was measured. The FCS-estimated equilibrium dissociation
constant for FBP and FUSE was 168.55 & 36.326 nM, which is
comparable to the estimate using fluorescence anisotropy.

Although Apo-FIRI—3 Appears To Be Oligomerizing on
SDS—PAGE, It Is Predominantly Monomeric in Solution
up to 115 uM. Apo-FIR was previously characterized by
analytical ultracentrifugation to be mostly monomeric, though
with wide dispersity, at 11 uM in solution (46). To further clarify
the solution conformation of both apo-FIR and the FIR—-DNA
complex over a wide concentration range, we studied a FIR con-
struct consisting of both of the two RRMs and the UHM of FIR,
in which construct we mutated its cysteines to serine (Cysl112 in
RRM1) or alanine (Cys238 in RRM2 and Cys470 in UHM) to
improve protein stability (hereafter termed FIR1-3). In SDS—
PAGE analysis, apo-FIR1—3 appears to undergo significant
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concentration-dependent continuous molecular mass shift
(Figure 5A), which is reminiscent of the unusual behavior pre-
viously observed for FIR in forming a dimer upon SDS—
PAGE (28, 46) (see the Supporting Information). However,
when analyzed by size-exclusion chromatography-coupled light
scattering (SEC-LS) under a near-physiological condition, apo-
FIR1-3 was almost entirely monomeric in solution with a weak
tendency to aggregate above 100 uM (Figure 5B). This suggests
the monomer is the physiologically relevant conformation of
apo-FIR.

FUSE Binding Induces FIR Dimerization. To study the
conformations of FIR in complex with FUSE, we used SEC-LS
to analyze a mixture of FIR1—3 with excess 27-mer noncoding
strand FUSE sequence (FUSE27) (FUSE27:FIR1—3 molar ratio
of > 1.1), which has been demonstrated to be sufficient to interact
with FIR (43). Experiments were conducted under identical near-
physiological conditions as for the apo-FIR. We found that
FUSE DNA induced the dimerization of FIR1-3 (Figure 6A).
The stoichiometry of the FUSE27:FIR1—3 complex was derived
from UV:RlI ratios (Figure 6B), which supports a single strand of
DNA interacting with a dimer of FIR.

FIR Binds to the Noncoding Strand of FUSE More
Weakly Than FBP, with Dissociation Constants in the
Micromolar Range. To study the equilibrium binding affinity
of FIR and FUSE, we mixed 10 nM fluorescein-labeled FUSE27
with increasing concentrations of FIR1—3. Reaction mixtures
were incubated at room temperature for 30 min before their
fluorescence anisotropy was measured (Figure 7A). The binding
curve for FIR1—3 and FUSE27 was fit to a two-site binding
model. The affinities between FIR1—3 and FUSE27 are in the
micromolar range (kq; = 0.6 £ 0.3 uM; kgr = 20.9 £ 6.4 uM).

The binding affinity of FIR1-3 with the entire FUSE se-
quence (FUSES3) was also examined under identical conditions
(Figure 7B), yielding similar dissociation constants in the low
micromolar range (kq; = 3.3 £ 0.5 uM; kgp = 97.8 £ 42.3 uM).
These experiments demonstrate that FIR has a weaker affinity
for FUSE than FBP.

FIR—FBP Protein—Protein Interaction. FBP and FIR
have been reported to associate in the absence of DNA (24). To
further characterize this behavior, we studied the protein inter-
actions by analytical size-exclusion chromatography (SEC) and
isothermal titration calorimetry (ITC) (Figure 8).

ncFBP (8.3 nmol), FIR1-3 (66.6 nmol), or their mixture was
applied to the analytical SEC column (Figure 8A). We first found
that both ncFBP and FIR1-3 may adopt nonglobular confor-
mations in solution. ncFBP has a hydrodynamic radius of 42.7 A
and an apparent molecular mass of 82840.1 Da (159% of its
predicted mass of 52111.3 Da). FIR1-3 has an estimated hydro-
dynamic radius of 46.8 A and an apparent molecular mass
of 113584.8 Da (237% of its predicted mass of 47970.7 Da)
(Table 2). The ncFBP—FIR1—3 mixture generated an additional
absorption peak with an earlier elution volume of 13.00 mL.
SDS—PAGE verified that ncFBP and FIR1-3 coelute in this
additional peak (fraction A12), consistent with the ncFBP—
FIR1-3 complex (Figure 8B). The ncFBP—FIR1-3 complex
has an estimated hydrodynamic radius of 52.1 A and an apparent
molecular mass of 167580.0 Da (167% of its predicted mass of
100082.0 Da, assuming 1:1 stoichiometry) (Table 2), suggesting
that the complex formed by the two proteins also deviates from
the globular form.

By ITC analysis (Figure 8C), we qualitatively confirmed the
interactions between FBP and FIR, but their affinity could not be
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FiGure 6: FUSEinduces FIR dimerization. (A) FIR1—3 isanalyzed
alone and with an excess of FUSE27 (FUSE27:FIR1—3 molar ratio
of >1.1) by SEC-LS in 50 mM Tris-HCI, 150 mM NaCl, and 20 uM
EDTA (pH 8.0). SEC elution peaks were detected by refractive index
(RI) for masses of biomolecules and by static light scattering for
molecular masses. Each triangle denotes an average molecular mass
determined by static light scattering readings at a certain molecular
concentration. Empty triangles represent the same data points for
apo-FIR1—-3 as in Figure 5B. Filled triangles represent the data
points for average molecular masses determined at various con-
centrations of the FIRI1-3-FUSE27 complex. The dashed line
indicates the predicted molecular mass of 104.2 kDa for the com-
plex of two FIR molecules and one FUSE27. The two dotted lines
define the upper and lower bounds of the typical 5% standard
errors from 104.2 kDa. The results indicate that FIR1-3 is
monomeric in its apo form but dimerizes upon FUSE27 binding.
Comparison with our previously published results for the FUSE-
induced dimerization of FIR’s two RRMs indicates that the two
RRMs of FIR mediate its DNA-induced dimerization. (B) The
UV:RI ratio of the FIR1—3—FUSE27 complex supports a 2:1
FIR:FUSE stoichiometry.

confidently measured because of the weak affinity and low heat
of generation but is estimated from the data to be weaker than the
affinity of either protein for ssDNA.

Tripartite Interaction of the FUSE—FBP—FIR Com-
plex. To study the binding of the FUSE—FBP—FIR tripartite
complex, we mixed 10 nM fluorescein-labeled FUSES3 and 2 uM
full-length FBP with increasing concentrations of FIR 1—3. FBP
(2 uM) was demonstrated in Figure 4 to be sufficient to speci-
fically saturate 10 nM FUSES3. Reaction mixtures were incu-
bated at room temperature for 30 min before fluorescence
anisotropy was measured (Figure 9). The binding curves for
the tripartite interactions were fit with two separate models of
FIR stoichiometry in the tripartite complex: the first in which we
assume that one FIR molecule binds to the FBP—FUSE complex
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FiGure 7: FIR binds to noncoding strand FUSE with dissociation constants in the low micromolar range. Fluorescein-labeled noncoding strand
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for 30 min before the measurement of fluorescence anisotropy. (A) FIR1—3 interacting with FUSE27. Fitting the binding curve with a two-site
model reports two dissociation constants in the low micromolar range (kg; = 0.6 £ 0.3 uM; kg = 20.9 + 6.4 uM). (B) FIR1—3 interacting with
FUSES3. Fitting with a two-site model estimates a pair of dissociation constants in the low micromolar range (kq; = 3.3 +£0.5uM; kqy = 97.8 +
42.3 uM), which are similar to those of FIR1—3 interacting with FUSE27. The results indicate that FIR1—3 has a similar affinity for either

FUSE27 or FUSES3 and binds more weakly to FUSE than FBP.

and the second in which we assume that two FIR molecules may
bind the FBP—FUSE complex. In the fittings, we include the
binding constants we derived for FBP to FUSE and FIR to
FUSE in Figures 4 and 7. For the single-FIR model (model 1), we
derived a y* of 88.387 and a dissociation constant for FIR
binding to the FBP—FUSE complex (kg = 6.2 £ 0.9 uM). For
model 2, we derived a 5 of 1.687 and two dissociation constants
for binding of FIR to the FBP—FUSE complex (kq; = 2.2 £0.2
uM; kgp = 156.2 + 31.5 uM). The two dissociation constants
derived from model 2 are experimentally identical to those for the
binding of FIR1—3 with FUSES53 in the absence of FBP. Model 2
was strongly preferred by the F-test (F = 154.14; P < (0.0001) and
the corrected Akaike’s Information Criteria (AICc) (Table 3).
AAICc was —24.58 in favor of model 2, equivalent to a likelihood
ratio of >2 x 10° in favor of the more complex model.

DISCUSSION

The Conformational Difference between the Melted
DNA Strands May Contribute to FBP's Selective Binding
to the Noncoding Strand of FUSE. Upon c-myc transcription,
FUSE is initially primed by chromatin-remolding complexes
(38, 47) and then melts into single-stranded DNA in response
to the negative supercoiling forces propagated from the actions of
the general transcription complex at the c-myc promoter
region (/4—16). The noncoding strand FUSE, with its deform-
able conformation, then serves as a mechano-sensing protein—
DNA hinge to harness both FBP and FIR to fine-tune the pro-
gression of c-myc transcription (11, 15, 38,40, 48). At the onset of
the FBP-mediated regulation, FBP specifically binds only the
noncoding strand, but not the coding strand or linear duplex
FUSE (10, 17, 38). Our data suggest this strand preference may
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Table 2: SEC-Based Peak Analysis of FBP and FIR

predicted apparent
peak V.“ molecular molecular estimated
(mL) assignment mass (kDa)  mass (kDa) rs’ (/OX)
14.25 ncFBP 52.1 82.8 42.7
13.69 FIRI-3 48.0 113.6 46.8
~13.00 FIR1—3—ncFBP 100.1 ~167.6 ~52.1

“Raw data drawn from analytical SEC-based analysis in Figure 8A. ’rg,
Stokes radius.

be at least partially attributed to differences between the solution
conformations of the coding and noncoding strands of FUSE. Both
biochemical and structural characterizations reveal that FBP favors
association with single-stranded DNA with minimal higher-order
structure (42, 44). We have found that as a single strand, the non-
coding strand of FUSE takes one major conformational population
in solution, which is extended as determined from its hydrodynamic
radius (Table 1). This indicates that noncoding FUSE is mostly
linear or extended when melted, which is a favored ssDNA con-
formation for FBP association. In contrast, roughly 50% of the
coding strand FUSE population is in a compacted conformation as

determined by its smaller hydrodynamic radius (Table 1). This
suggests that the existence of secondary or tertiary structure in the
coding strand of FUSE may impede FBP association.

Although the oligonucleotides we used here were synthetic and
were not anchored on either end to mimic chromatin, our experi-
ments demonstrate inherent sequence propensities for conforma-
tional populations for coding and noncoding FUSE. The confor-
mational differences between the coding and noncoding FUSE
suggest that upon FUSE melting, the coding strand becomes
compact while the noncoding strand remains extended and
linear, making its sequence freely available for the DNA—protein
interactions required in the process.

The Nonglobular Shape of FBP Is Consistent with a Pre-
viously Proposed Model in Which Its KH Domains May Be
Linearly Aligned for Association with the Linear Noncod-
ing FUSE. Previously, a solution dynamics NMR study found
the KH3 and KH4 domains of FBP to be linearly aligned in
solution (42). All four KH domains of FBP are proposed to
participate in the recognition of the linear noncoding strand of
FUSE (44). We therefore studied the overall solution conforma-
tion of FBP with all of its KH domains. The apparent molecular
mass (83 kDa) of ncFBP is 159% of its sequence-predicted
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FIGURE 9: Tripartite interaction. Two FIR molecules can join the FBP—FUSE binary complex to form a FIR,—FBP—FUSE quaternary complex.
Fluorescein-labeled noncoding strand FUSE 53-mer (FUSES3, 10 nM) was mixed with 2 uM full-length FBP and increasing concentrations of
FIR1-3. The reaction mixtures were incubated at room temperature for 30 min before measurement of their fluorescence anisotropy. The binding
curves were fit with models based on two competing hypotheses for FIR binding to the FBP—FUSE binary complex. (A) Model 1. Null hypothesis,
which assumes only one FIR molecule binds to the FBP—FUSE complex. A k4 of 6.2 £ 0.9 uM is derived by fitting with the listed corresponding
equation, with a y° of 88.387. (B) Model 2. Alternative hypothesis, which assumes two FIR molecules can blnd to the FBP—FUSE complex. Two kq
values (2.2 + 0.2 and 156.2 = 31.5 4M) are derived by fitting with the listed corresponding equation, with a y of 1.687. Statistical dndlysw presented in
Table 3 suggests that model 2 better describes the FIR—FBP—FUSE tripartite interaction, where two FIR molecules can join the FBP—FUSE
complex to form a quaternary FIR,—FBP—FUSE complex, with affinities experimentally identical to those for FIR binding to FUSE alone.

Table 3: Comparing Two Fitting Models

Akaike’s Information Criteria F-test
model” Ss? no. of parameters* DF? AICc’ probability” information ratio F® P value
1 88.387 2 8 31.79 0.00% 218093.70 154.14 <0.0001
2 1.687 4 6 7.21 100.00%

“Refer to Figure 9. Model 1, null hypothesis; model 2, alternative hypothesis. “Input information taken from Figure 9. SS, sum of squares. “Number of
parameters in the corresponding fitting equation. “Degree of freedom. ‘Akaike’s Information Criteria, corrected. /Probability model is correct. #Fis the ratio
of the percentage differences of the sums of squares and degrees of freedom between models 1 and 2.

molecular mass of 52 kDa, indicating a nonglobular shape, are linearly aligned in solution similar to the pattern seen for KH3
consistent with the hypothesis that all the FBP KH domains and KH4 (42). The linear arrangement of the FBP KH domains
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and FUSE ssDNA target site implies that the favored association
between the two may be partially facilitated by their conforma-
tional and/or structural fit.

FBP Binds to FUSE with Nanomolar-Range Affinity.
We have for the first time reported a solution-based quantitative
measurement of the affinity between FBP and FUSE (Figure 4)
to complement previous study of FBP—FUSE binding by an
electrophoretic mobility shift assay (EMSA) (44). The measure-
ment of FBP’s affinity for FUSE by two independent techni-
ques yielded dissociation constants in the nanomolar range (kq =
415.8 + 137.8 nM by FA, and kg = 168.6 & 36.3 nM by FCS).
This nanomolar-range affinity between FBP and FUSE may have
reflected the participation of multiple KH domains of FBP in
FUSE binding as mapped by Benjamin et al. (44). In summary, the
outstanding features of the FBP—FUSE interaction include FBP’s
strong preference for a linear form of DNA and the participation
of multiple FBP’s modular KH domains (42, 44). The direction-
ality of FUSE binding for FBP is also mapped on the basis of the
solution structure of the FBP KH3 and KH4 domains in complex
with FUSE. KH4 is bound to the 5’ end, while KH3 is bound more
toward the 3’ end of the FUSE DNA (42).

FIR Is Monomeric in Solution but Dimerizes upon DN A
Binding; DN A-Induced Dimerization Is Mediated by FIR's
RRMs. SEC-LS experiments demonstrate that FIRI=3 is
monomeric in solution, though with a weak tendency to form
higher-molecular mass aggregates at concentrations above 100 uM.
Previously, the UHM domain of FIR was proposed to be respon-
sible for the dimerization of FIR observed in SDS—PAGE (28).
Later, Corsini et al. reported that FIR by itself is mostly
monomeric in solution at 11 uM (46). Our observations in
FIR1-3 correlate with Corsini ef al.’s claim, and we have pro-
vided further experimental evidence illustrating that FIR1-3,
which consists of both the carboxyl-terminal UHM and the two
central RRMs, is predominantly monomeric in solution over a
wide range of concentrations (Figure 5B). We have also studied
the overall shape of FIR in solution. FIR1—-3 has an apparent
molecular mass of 114 kDa, which is 237% of its predicted
molecular mass of 48 kDa, suggesting that the overall shape of
FIR might highly deviate from the globular form (Table 2).

Solution-based SEC-LS studies further confirm that FIR1—3
undergoes DNA-induced dimerization in the presence of FUSE
(Figure 6), an observation consistent with the FUSE-induced
dimerization of FIR1+2 (43). These findings suggest that the two
RRMs of FIR are the major structural motifs utilized for the
protein’s DNA-induced dimerization. The crystal structure of
the FIR1+2—FUSE complex reveals a dimer interface between
the two FIR subunits weakly stabilized by six hydrogen bonds
which display nonideal geometry (43). This weak interface and
the observation of the monomoric conformation of apo-FIR in
solution suggest that the interaction of two protein monomers with
a single strand of DNA is required to increase the local concentra-
tion of the protein and initiate FIR dimerization. Therefore, because
of the passive dimerizing propensity of FIR, binding cooperativity is
not expected, although two FIR monomers both associate with one
DNA ligand. Biochemical characterization in combination with the
crystal structure of the FIR1+2—FUSE complex also supports the
fact that only RRM1 is used for DNA binding, while RRM2 is
critical for the overall structure of FIR (43).

Biophysical Data Suggest That Two FIR Molecules Bind
FUSE Consecutively and Then Dimerize on FUSE via
Their RRMs. Differential Affinities of FBP and FIR
Implicate the Order of Complex Formation. FIR binds to
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both the 53-mer and 27-mer of the noncoding FUSE sequence at
comparable affinities in the micromolar range (for FIR1-3 and
FUSE27, kq; = 0.6 £ 0.3 uM and kg, = 209 + 6.4 uM;
for FIR1—-3 and FUSES3, kg; = 3.3 £ 0.5 uM and kg, =
97.8 £ 42.3 uM) (Figure 7), suggesting that the shorter nucleo-
tide is sufficient for FUSE—FIR interaction and may be the
region primarily responsible for interactions with FIR regulating
transcription.

Via comparison of the equilibrium binding parameters of
FIR1—3—FUSE association (Figure 7) with previously publi-
shed dissociation constants for the association between FUSE
and FIR14-2 (43), FIR’s UHM does not significantly increase the
affinity of the protein for FUSE DNA (Figure 7). This suggests
that the two RRMs confer the majority of the DNA binding
affinity of FIR. The role of FIR’s UHM domain in the FBP—
FIR—FUSE system remains unclear.

The curves for FIR—FUSE binding are fit with a model that
assumes two FIR molecules may consecutively bind to FUSE to
form a FIR,—FUSE complex (Figure 7) (also see Equation
Derivation in the Supporting Information). Our data suggest that
there are two nonequivalent binding sites on FUSE for FIR
binding and that FIR binds with a higher affinity for the first site
and a lower affinity for the second (Figure 7). We propose that
there may be two stages of FIR binding to FUSE. In the first
stage, a FIR monomer binds DNA. In the second stage, as the
concentration of FIR increases, a second FIR molecule joins to
form a FIR,—DNA complex. The lower-affinity stage may be the
result of conformational changes in FUSE induced by the first
FIR molecule, crowding over the available binding sites on
FUSE for the second FIR, or structural changes in FIR needed
to accommodate a dimer on FUSE. Therefore, no cooperativity
is observed. This model is consistent with our observation of the
concentration-dependent complex formation by SEC-LS analy-
sis (Figure 6). In the SEC-LS study of FIR1+-2, we also observed
that “at a FIRI4+2:H27 concentration of 4 uM the weight-
average MW of the complex decreases to 30 kDa and the UV/
RI ratio increase ~2-fold, suggesting that the FIR:DNA dis-
sociation produces a 1:1 FIR:DNA complex as an intermediate
in the FIR dimerization induced by DNA binding” (43). The
crystal structure of FIR142 in complex with FUSE DNA (43)
shows the dimeric conformation of FIR, where each FIR monomer
uses only its RRM 1, but not RRM2, to associate with a short tract
of DNA. The canonical RNP of RRM2 is buried by FIR domain
interactions. The amount of buried surface area between RRM1
and RRM2 (~2000 A?) is characteristic of obligate protein—
protein interactions. Moreover, even for RRMI, its canonical
RNP regions are not fully utilized for DNA binding, which in fact
might lead to the low binding affinity of FIR for FUSE.

FIR binds FUSES3 at least 5-fold more weakly than FBP
(Figures 4 and 7). The weaker affinity of FIR for FUSE, when
compared with that of FBP and FUSE, suggests that, biochemi-
cally, lower cellular concentrations of FBP are required for FUSE
association, which may provide a guiding mechanism for com-
plex formation in the FUSE—FBP—FIR system.

In Vivo Abundance of FBP and FIR. FBP and FIR are
abundant proteins in cells. The in vivo abundance of FBP and
FIR in HeLa cells (estimated using the intensity of bands during
Western blots) is determined to be 500000 molecules of FBP per
cell and 250000 molecules of FIR per cell (unpublished data,
D. Levens, National Cancer Institute, Bethesda, MD). If we esti-
mate the volume of a nucleus to be 100—200 fL, the concentration
of FBP in the nucleus is 5—10 uM and that of FIR is 2.5—5 uM.
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These concentrations are well above the ky values measured for
binding of FBP to FUSE (Figure 4) and near the values of the
first k4 for binding of FIR to FUSE (Figure 7). Given the short-
lived nature of DNA base flipping and the opening and closing of
DNA strands in solution, highly abundant proteins like FBP and
FIR can hover near sites of transient opening (rather than rare
proteins that would take time to find target sites to produce the
requisite number of collisions necessary) to effect protein—DNA
interactions.

Weak FBP—FIR Association Exists in the Absence of
DNA. Do FBP and FIR interact with each other? Previously,
Chung et al. detected the association of FBP and FIR indirectly
using yeast two-hybrid techniques (24). Here, we use SEC to
directly measure binding and find that FBP and FIR indeed
associate in vitro. We also perform ITC analysis to study the
affinity between FBP and FIR and qualitatively confirm FBP—
FIR association, but the detailed dissociation constant of FBP
with FIR cannot be confidently measured by ITC due to the low
heat of generation and the weak affinity between the two entities
(Figure 8). However, the lower bound of the dissociation con-
stant for this interaction is estimated from our ITC data to be no
stronger than tens of micromolar. The weak interaction between
the proteins in the absence of FUSE is consistent with previous
observations (24) and suggests that in the FUSE—FBP—FIR
ternary complex (25), FBPs may have a positive but limited
influence on FIR’s binding affinity for FUSE. The affinity
between FBP and FIR may fine-tune the transactivation effect
of FBP, since tighter association with FIR is linked to weaker
FBP transactivation (24). According to the literature, both FBP’s
amino-terminal and central domains are required for association
with FIR (24, 29).

Tripartite FUSE—FBP—FIR Interaction: Two FIR Mole-
cules May Join the FBP—FUSE Complex. Previous in vivo
observations demonstrate that following FUSE melting FBP
binds to FUSE and facilitates promoter clearance. After a period
of time, the FBP—FUSE complex is joined by the repressor FIR
in a tripartite complex, from which FBP is ¢jected, and the FIR—
FUSE complex forms a long-term repressive complex (21, 25).
Here, we show that FIR can bind as a dimer to the FBP—FUSE
complex which is similar to the interaction of FIR with FUSE in
the absence of FBP (Figure 9 and Table 3). The presence of FBP
on FUSE slightly enhances the binding of the first FIR molecule;
the k4 values for the binding of the first FIR shifts from 3.3 &+
0.5 uM [FIR binding to FUSE only (Figure 7B)] to 2.2 + 0.2 uM
[FIR binding to the FBP—FUSE complex (Figure 9B)]. The
enhanced affinity for FIR in the presence of FBP is consistent
with EMSA experiments (25, 44) and likely reflects the contribu-
tion of the weak FBP—FIR association (Figure 8C). Other
kq values in the closed cycle of the FUSE—FBP—FIR interaction
can be calculated to be 0.27 &+ 0.10 uM for FBP binding the
FUSE-FIR complex and 0.44 &+ 0.27 uM for FBP binding the
FUSE-FIR, complex (Figure 10).

Real-Time Removal of FBP from FUSE: Potential Role
of FUSE Conformation and Transcription-Generated Tor-
sional Stress. To remove the activator FBP from the FUSE—
FBP—FIR system for c¢-myc regulation, the tRNA synthetase
cofactor p38 could be regulated by either Parkin or MYC to
target FBP for ubiquitination and eventual degradation (11, 32,49).
However, the protein degradation pathway has a turnover rate
longer than what would be required for real-time feedback to the
ongoing transcription event at the promoter site. For the
mechanism behind the real-time removal of FBP from FUSE,
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it was previously proposed that the DNA looping due to FIR
dimerization might promote ejection of FBP (43).

Our new findings suggest that FIR dimerization itself is not
sufficient to eject FBP from FUSE. First, the free energy for
FBP—FUSE association is greater than the free energy released
upon the second FIR molecule binding to FUSE and would
therefore not energetically justify the replacement of FBP with
FIR. According to our measurements based on FA, the free
energy for FBP—FUSE association is —36.1 & 0.8 kJ/mol, ~1.6-
fold larger in magnitude than the free energy for the second FIR
to bind to the FBP—FUSE complex (—22.7 £ 1.1 kJ/mol).
Therefore, replacing FBP from FUSE with a second FIR
molecule would not be thermodynamically feasible in the system.
Second, the data for the FUSE—FBP—FIR tripartite interaction
(Figure 9) also suggest that FIR dimerization does not eject FBP.
Statistical analysis of the two mutually exclusive models (Table 3)
favors the model in which two FIR molecules both can colocalize
on FUSE with FBP.

Since we know FBP prefers binding to a linear form of FUSE
DNA (42, 44), while a FIR dimer favors a looped form of FUSE
(43), a major energy barrier that exists to prevent FIR dimeriza-
tion from ejecting FBP from FUSE would be the expense of
entropy to transition from linear DNA to a looped confor-
mation, which could significantly weaken FBP binding. In our
in vitro setting, FIR dimerization itself is not energetically
sufficient to eject FBP; an external energetic contribution is
required. In the cell, we hypothesize that the dynamic torsional
stress on the chromatin generated during active transcription
might be the source of the driving force.

The major source of torsional stress in eukaryotes is transcrip-
tion (14, 50, 51). DNA structure driven by supercoiling forces in
general is known to participate in the regulation of genetic events,
especially transcription (37, 52—54). Especially for FUSE, the
supercoiling forces not only contribute toits melting (10, 11, 15, 16)
but also may modulate FUSE conformation to dynamically
communicate the progression of transcription to the upstream
FUSE—FBP—FIR regulatory system (//, 15, 16, 38). The
transition from a FBP-dominant to a FIR-dominant control
happens mainly during the promoter escape stage of transcrip-
tion (27). During promoter escape, the action (55) of the RNA
polymerase (/5) and associated general transcription factors,
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particularly the wrenching activity by TFIIH (39, 56) on the
chromatin, may generate dynamic torque sufficient to drive
upstream FUSE DNA into a looped form, preventing FBP
binding, but retaining FIR (Figure 11E,F). Therefore, we hypo-
thesize that the continuing dynamic torsional stress on the chro-
matin during transcription might contribute to the real-time
displacement of FBP from FUSE.

Model for FUSE—FBP—FIR Complex-Mediated c-myc
Regulation. Our characterization of interactions of FBP and
FIR with FUSE allows us to further understand the physical
basis behind the FUSE—FBP—FIR system for the transcrip-
tional regulation of ¢-myc (Figure 11). After the transcription-
induced torsional stress on the chromatin leads to the melting of
FUSE (1/4-16), the coding strand of FUSE tends to compact
itself and thus blocks its accessibility from FBP, while the non-
coding strand stays in an extended form (Figures 3 and 11B),
a preferred DNA conformation for FBP association (42, 44).
During transcription initiation (2/), FBP binds to the under-
wound, linear noncoding strand of FUSE (10, 42, 44) (Figure 11C)
with a nanomolar-range dissociation constant (Figures 4 and 10).
The stronger binding between FBP and FUSE versus that
between FIR and FUSE helps prioritize association of FBP with
FUSE (Figures 4 and 7). The carboxyl terminus of FBP points
toward the 5" end of the noncoding FUSE (42) and may present
FBP’s C-terminal activation domain (AD) to the p89 subunit of
TFIIH (21), thereby upregulating c-myc transcription during both
transcription initiation and promoter escape (2/) (Figure 11C).
During promoter escape (27), the presence of FBP on FUSE
helps recruit the first FIR molecule, probably through FBP’s
central and N-terminal domains (24, 25). With increasing con-
centrations of FIR, a second FIR molecule may join to form a
quaternary complex consisting of FUSE, FBP, and FIR (25)
(Figure 9B and Table 3). FIR may use its N-terminal repression
domain to compete FBP’s AD away from contacting p89
and thus cancel FBP’s activating effect by locking TFIITH in an
activation-resistant state, while still allowing the basal levels of
transcription (25) (Figure 11D—F). At a later stage of promoter
escape, an additional energetic source, likely the continuing dyna-
mic torque generated during active transcription, may loop FUSE,
thereby ejecting FBP but retaining FIR, likely in its dimeric
form (43) (Figures 7B and Figure 11E,F). The eventual ejection
of FIR from FUSE is likely due to the reannealing of FUSE in
later stages of transcription (Figure 11F—A). Our in vitro study,
with an assumption that FUSE, FBP, and FIR behave similarly
in vivo, supplements previous observations to reveal that FUSE,
FBP, and FIR form a system in which the conformation of a
remote cis component (FUSE) mechanically senses the super-
coiling forces (15, 16) generated by a genetic event (transcription)
(15, 16, 38, 40) and coordinates trans effectors (FBP and FIR) to
regulate transcription by influencing the general transcription
machinery (TFIIH) (39, 56) in real time to fine-tune the expres-
sion of an essential proto-oncogene, c-myc (11, 57, 58). We
propose the contribution of the dynamic torsional force in the
structural transition of the FUSE—FBP—FIR complex on the
basis of our observation of the insufficiency of FIR dimerization
to eject FBP, and the understanding of the prevalence of torsional
forces existing in transcriptional events in cells. Further biological
and biophysical experiments will be needed to determine if the
unusual mode of transcriptional control by the FBP—FIR—
FUSE system is unique to the essential transcription factor ¢-myc
or is a broadly used mechanism in biology for the regulation of
critical genetic events (10, 14, 41, 59).
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FiGure 11: Revised model for the FUSE—FBP—FIR complex-
mediated regulation of ¢-myc transcription. Additional descriptions
based on our observation of the interactions among FUSE, FBP, and
FIR supplement the existing knowledge of the FUSE—FBP—FIR
system. In this model, we have assumed that FUSE, FBP, and FIR
interact similarly in a cell and in our in vitro system. (A) FUSE is an
AT-rich region of the chromatin ~1.7 kb upstream of the P2 start site
of the ¢-myc oncogene. (B) Upon active transcription (likely during
the early stage initiation), FUSE melts into single-stranded DNA in
response to the torsional stress on the chromatin. The coding strand
of FUSE has an intrinsic tendency to form secondary or tertiary
structures, while the melted noncoding strand of FUSE is extended, a
favored conformation for FBP association. GTFs stands for general
transcription factors (55, 60). (C) The activator FBP binds to the
linear noncoding strand of FUSE with FBP’s central DNA binding
domain consisting of four KH motifs. The C-terminal activation
domain of FBP contacts the p89 subunit of TFIIH and upregulates
c-myc transcription. (D) As the transcription progresses, the repres-
sor FIR joins the FUSE—FBP activation complex to form a ternary
repression complex (FUSE—FBP—FIR). The N-terminal repression
domain of FIR may displace the C-terminal activation domain of
FBP from p89. FBP-mediated upregulation of ¢-myc transcription is
canceled, while the basal transcription continues. (E) A second
molecule of FIR can join the FUSE—FBP—FIR ternary complex
to form a FUSE—FBP—FIR, quaternary complex for transitioning
into the next stage of complex formation. (F) An energetic input may
be required to change the conformation of FUSE and therefore eject
FBP. This energetic contribution is likely to come from the torque on
the chromatin generated by the continuing progression of transcrip-
tion. The torque may wrench the noncoding FUSE away from
linearity into a looped form, to which FBP can no longer bind, but
a preferred form of FUSE for FIR association. For the path from
panel F to panel A, eventually the termination of transcription
releases the torsional stress on chromatin. FUSE is reannealed into
a DNA double helix. FIR is ejected from FUSE due to the loss of the
single-stranded nature of FUSE.
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